SiC nanowires were successfully synthesized without catalyst by pyrolysis of silicon-containing pitch-derived carbon materials in a closed graphite crucible. These silicon-containing carbon materials were obtained by homogenization and co-carbonization of a hybrid precursor consisting of the toluene soluble fraction of coal tar pitch with polycarbosilane (PCS). The composition, morphology and structure of the nanowires were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and selected area electron diffraction (SAED). The influence of pyrolysis temperature on the growth of 
Introduction
Over the past decades, one-dimensional (1D) silicon carbide (SiC) nanowires have attracted considerable attention due to their unique characteristics, such as high thermal stability, excellent oxidation resistance, wide energy band gap, outstanding mechanical strength and excellent electromagnetic interference shielding performance. These properties make SiC nanowires a promising candidate material for many applications, such as reinforcement material, catalysis supports, panel displays, electronic and optoelectronic nanodevices, etc. [1] [2] [3] . Thus, many efforts have been devoted to the synthesis of SiC nanowires.
Up to now, various synthesis methods have been developed including carbo-thermal reduction [4] , carbon nanotube template conversion [5] , catalyst assisted chemical vapor deposition [6] , solvothermal method [7] , etc. Nevertheless, these methods are time-consuming and are often associated with low yield. In particular, the control of composition, dimensions and morphology of the resulting nanowires cannot be achieved easily by the above methods. These shortcomings limit their further application. Recently, polymer precursor pyrolysis has been developed for the synthesis of SiC nanowires from preceramic polymers including polysilazane, polycarbosilanes (PCS), polysilacarbosilane and hexamethyldisilane [8] [9] [10] [11] . This process has demonstrated advantages of simplicity and easy control of the composition, dimensions and morphology of the resulting nanowires. Unfortunately, only a low yield of SiC nanowires can be obtained by catalyst-free polymer precursor pyrolysis. In order to increase the yield of SiC nanowires, a transition metal catalyst (Fe, Ni, Co, Cr, etc.) is usually introduced into the polymer precursor to facilitate the nucleation and growth of SiC nanowires [12, 13] . However, it is always very difficult to remove the residual metal catalyst from the SiC nanowires and it acts as an impurity, resulting in the degradation in their electronic and mechanical properties under harsh environmental conditions. Therefore, it is necessary to develop an efficient method to synthesize metal-free SiC nanowires on a large scale for further practical applications.
In this work, a simple and convenient method is put forward for synthesis of a large quantity of SiC nanowires via catalyst-free pyrolysis of silicon-containing carbon materials, which are obtained by homogenization and co-carbonization of a hybrid precursor consisting of the toluene soluble fraction of coal tar pitch and polycarbosilane (PCS). The effect of pyrolysis temperature on the phase composition, morphology and microstructure of the resulting nanowires is discussed. A tentative growth model, based on the vapor-solid (VS) mechanism, is also proposed to explain the growth of the SiC nanowires.
Experimental details

Starting raw materials
Coal tar pitch was a generous gift from Jining Carbon Group Co., Ltd (Jining, China) and was used as a carbon source. PCS was provided by Cerafil Ceramic Fiber Co., Ltd (Suzhou, China) and was utilized as a silicon source. The main properties of the coal tar pitch and PCS are listed in Table 1 and Table 2 , respectively. Aldrich Chemical Co. supplied toluene, which was used as solvent without further purification.
Synthesis procedure
To ensure homogeneous mixing of the pitch and PCS in toluene, the toluene soluble fraction was separated from the coal tar pitch by solvent extraction and vacuum distillation. Toluene-soluble coal tar pitch (TSCTP) and PCS with a weight ratio of 1:1 were dissolved in toluene and mixed well via ultrasonic vibration. Then, the mixture was poured into a stainless steel reactor and heated at 350 °C under a protective argon atmosphere for 4 h, during which the mixture was homogenized. The apparatus was then allowed to cool down naturally and the homogenized mixture (a dark shiny solid) of TSCTP and PCS resulted. The homogenized mixture was further carbonized at 900 °C for 2 h under a protective argon atmosphere to remove the low boiling point fraction. The carbonized product was then ground into fine powder. Thereafter, the powder was immersed in 2M HCl solution for 48 h to remove the iron oxide contamination that arose from the stainless steel reactor. After drying at 100 °C for 1 h, the powder was pressed into disc-shaped samples with a diameter of 20 mm and thickness of 3 mm under 130 MPa pressure using a stainless steel die. The disc-shaped samples, namely silicon-containing pitch-derived carbon materials, were placed in a high-purity graphite crucible sealed with a lid and pyrolyzed at various 6 temperatures (1200 C, 1300 C, 1400C and 1500 C) for 1 h in a vertical graphite furnace. After the furnace was allowed to cool naturally to room temperature, the graphite crucible was taken out. A large quantity of nanowires are formed on the top surface of the disc-shaped samples when the pyrolysis temperature is over 1200 C.
They were easily collected by brushing them from the sample surface.
Characterization
The phase composition of the samples was identified by an X-ray diffraction (XRD) instrument (Philips X'Pert Pro MPD) using Cu-K radiation ( =1.54056 Å).
The working voltage and current of the Cu target were 40 kV and 40 mA, respectively. A field emission scanning electron microscope (FESEM, NOVA400 NANOSEM) was used to observe the morphology of the samples. The elemental composition of the samples was analyzed by an energy-dispersive X-ray spectroscopy (EDX) attached to the abovementioned FESEM. A high resolution transmission electron microscope (HR-TEM Model JEM-2010 UHR JEOL, Japan) was employed to further characterize the microstructure of the samples. This was equipped with an energy dispersion spectroscopy attachment (EDSINCA IE 350 Penta FET X-3, Oxford, UK) and operated at 300 kV. For HRTEM and SAED observations, the nanowire sample was firstly dispersed in an alcohol solution via ultrasonic vibration. The alcohol containing nanowires was then dropped onto a copper grid, and naturally dried before analysis. On-line TG-MS analyses of the gases evolved from the silicon-containing pitch-derived carbon materials during pyrolysis were carried out on a Setsys Evolution16/18 thermal analyzer coupled to an Omni Star mass 7 spectrometer. The TGA was operated from room temperature to 1200 C at 10 C /min under a continuous flow of high-purity argon.
Results and discussion
3.1 Appearance of the products Fig. 1 shows a photograph of the disc-shaped silicon-containing pitch-derived carbon materials after pyrolysis at various temperatures. The surface color of the sample obtained by pyrolysis of silicon-containing pitch-derived carbon material at 1200 °C is black, similar to that of the sample before pyrolysis. After pyrolysis at 1300 °C, the surface color of the sample turns from black to gray-green. This change in color indicates that the surface of the sample has been covered by a layer of pyrolysis products. As the pyrolysis temperature increases from 1300 to 1400 °C, the surface color of the sample changes from gray-green to gray-white. Upon increasing the pyrolysis temperature to 1500 °C, the surface color of the sample changes into light green. The change in surface color of the sample may be caused by the variation of the thickness and morphology of the pyrolysis product layer, which is dependent on pyrolysis temperature.
3.2 X-ray diffraction analysis of the products XRD was performed to understand the product's phase evolution with increasing pyrolysis temperature. Fig. 2a shows the XRD patterns of the top surface of the silicon-containing pitch-derived carbon materials after pyrolysis at various temperatures. It is evident that the XRD pattern of the top surface of the sample 8 obtained at 1200°C displays the characteristics of an amorphous material. Its broad diffraction peak in the 2 range from 20 to 30 can be attributed to amorphous SiOC glasses and amorphous carbon [14] . After pyrolysis at 1300 °C, three diffraction peaks are observed at 2 = 35.6°, 60.5° and 71.8°, corresponding to the (111), (220) and (311) planes of -SiC, respectively (JCPDS Card no. 29-1129). The weak diffraction peak at 2 = 26.6° can be indexed to SiO 2 (JCPDS Card no. 65-0466). This reveals that the gray-green pyrolysis product deposited on the carbon matrix shown in Fig. 1b is composed of -SiC and traces of SiO 2 . As the pyrolysis temperature increases to 1400 °C, the intensity of the -SiC diffraction peak phase clearly increases, while the diffraction peaks of amorphous SiOC and SiO 2 almost disappear from the XRD pattern of the pyrolysis product. In addition, a low-intensity peak at 2 = 33.6 ° (marked with "SF"), which is usually ascribed to stacking faults within the -SiC crystals [10] , is also observed. Increasing the pyrolysis temperature to 1500 °C results in a further increase in the peak intensity for the -SiC phase. These changes imply that increasing pyrolysis temperature facilitates the growth of -SiC crystals. Fig. 2b displays the XRD patterns of the cross-sections of the samples before pyrolysis and after pyrolysis at various temperatures. No obvious Bragg diffractions are detected in the silicon-containing pitch-derived carbon materials before pyrolysis, revealing its amorphous structure. After pyrolysis at 1200 °C for 1 h, the broad diffraction peaks of amorphous SiOC and carbon appear. In addition, three weak diffraction peaks corresponding to -SiC phase are also observed in its cross-section's XRD pattern.
This indicates that -SiC crystals have been formed in the carbon matrix. It is known that amorphous SiOC glasses are not stable at high temperatures and at temperatures of > 1000 °C-1200 °C, they will undergo a phase separation process, resulting in the formation of SiC nanocrystals and amorphous SiO 2 , accompanied by the release of SiO and CO gases [15] . The phase separation process can be described roughly by the following equation (1) [16] .
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Therefore, the presence of some SiC in the carbon matrix can be attributed to the phase separation process of amorphous SiOC glass. Increasing pyrolysis temperature to 1300C results in the decrease in intensity of the broad peak corresponding to the amorphous SiOC and carbon phases, concurrently with the increase in the peak intensity of the SiC phase. This can be attributed to the continued phase separation of SiOC and the initiation of the carbo-thermal reduction between amorphous SiO 2 and free carbon above 1200 C according to the following equation (2) [17] .
Meanwhile, a part of the SiO 2 further reacts with surrounding free carbon to form gaseous SiO and CO according to equation (3) [18] .
As pyrolysis temperature further increases to 1400 C and 1500 C, the phase separation process of amorphous SiOC approaches completion [14] , and at the same time the carbo-thermal reduction of SiO 2 is further intensified. As a result, more and more SiC nanocrystals are formed in-situ in the carbon matrix. This leads to the remarkable increase in the intensity of the diffraction peaks assigned to -SiC phase in the cross-section XRD patterns of the samples obtained at 1400 C and 1500 C.
Diffraction peaks of crystalline SiO 2 are detected in the sample obtained at 1500 C and this could be attributed to the crystallization of unreacted amorphous SiO 2 at high temperature.
SEM/EDX analysis of the products
To determine the microstructure and composition of the pyrolysis products, SEM coupled with EDX was employed. have grown into an extensive network that hides the carbon matrix (shown in Fig. 3b ).
As can be seen from the high magnification SEM image of the nanowires synthesized at 1300 C (shown in Fig. 4b ), the average diameter is about118 nm, and the length ranges from tens to hundreds of micrometers. Both increase compared with those of the product synthesized at 1200 C. In addition, it is also found that the nanowires According to Yang's work [19] , such curved growth results from a fluctuation of the kinetic growth condition, which disturbs the balance between growth along different directions. The inset in Fig. 4c shows the typical tip morphology of these synthesized nanowires. It can be seen that the tip presents a hexagonal terrace, roughly analogous to the morphology reported in the literature [20] . This morphology is considered to result from screw dislocation growth. fluctuating diameter of about 220 nm, which is much larger than that of the nanowires synthesized at 1400 C. Moreover, the bamboo-like morphology of the nanowires synthesized at 1500 C is very similar to that of the nanowires synthesized at 1300 °C.
The SEM observation indicates that pyrolysis temperature has an important influence on the growth the SiC nanowires, which is reflected by the variations in amount, length, diameter and morphology of the nanowires. In order to understand the growth mechanism of the SiC nanowires, products from pyrolysis of pure PCS at different temperatures were also studied by SEM. However, in this case, only black SiC foam ceramic was obtained in the temperature range of 1200-1500 C. These results indicate that the coal tar pitch is definitively required for the synthesis of the SiC nanowires.
3.4 TEM/HRTEM/SAED analysis of the products TEM, HRTEM and SAED were also carried out to further characterize the morphology and detailed crystalline structure of the synthesized nanowires. Figs. 5a-5c show the TEM and HRTEM images of the nanowires synthesized at 1400 °C.
From the typical low-magnification TEM image shown in Fig. 5a , it can be seen that 13 these nanowires are not uniform in diameter. Fig. 5b) shows bright spots and diffuse streaks, which are typically characteristic of single crystals containing stacking faults [11, 22] .
Figs. 5d-5f show the TEM and HRTEM images of an individual bamboo-like SiC nanowire synthesized at 1500°C. As can be seen from the typical low magnification TEM image shown in Fig. 5d , the nanowire exhibits a smooth stem-node structure.
The nodes, with larger diameter, grow along the entire length of the bamboo-like SiC nanowire, and the distance between two adjacent nodes shows a non-periodic variation. From the SAED pattern and HRTEM image of the node of the nanowire (shown in Fig. 5d and 5e ), the nodes of the bamboo-like nanowire are composed of single crystalline -SiC without stacking faults and twins. However, many twins are found in the HRTEM image of the stem of the nanowire (shown in Fig. 5f ). The corresponding SAED pattern in the inset of Fig. 5d also confirms the existence of the twins. Unlike the stacking faults, the presence of twins has a close relationship with the large stress generated in the nanowires, which is mainly caused by the difference in the surface energy of the (111) facet of Si and C [9] .The large internal stress could drive the formation of twins along the growth direction of the SiC nanowires. All these results suggest that many crystal defects (i.e. stacking faults and twins) exist in the synthesized SiC nanowires which are associated with different morphologies.
Moreover, it is also observed in Fig. 5c that the SiC nanowire is covered with a continuous amorphous layer with a thickness of 1-2 nm. Fig. 5g is the EDX spectrum from the area within the circle drawn on the nanowire in Fig. 5c . It reveals that this coating is composed of C, Si and a small amount of O. The EDX analysis, combined with XRD analysis in Fig. 2a indicates that the coating is amorphous SiO 2 . A similar phenomenon has also been reported by Dai et al. [23] . The SiO 2 coating is believed to be formed on the surface of the SiC nanowires during the cooling stage via the following reaction (4) [24] .
In this study, the gaseous SiO and CO are believed to be mainly derived from the decomposition of the amorphous SiOC glass and/or carbo-thermal reduction of SiO 2 during pyrolysis of silicon-containing pitch-based carbon materials.
FTIR analysis of the products
In order to achieve more insight into the formation process of the SiC nanowires, the structure of TSCTP, PCS and products from pyrolysis of their hybrid precursor at various temperatures were characterized by FTIR spectrometry. As shown in 
Si-H+ -OH
The presence of -OH groups in TSCTP is evidenced by its broad peak at 3200-3600 cm −1 . Additionally, it is also found that the peaks associated with the C-H and Si-CH 3 functional groups almost disappear, which could be related to the formation of amorphous SiOC glass in carbon matrix and the simultaneous escape of CH 4 . As the pyrolysis temperature increases to 1200 C, the peak at about 1600 cm
corresponding to the aromatic C=C stretching vibration disappears, and a new weak peak at around 810 cm -1 associated with Si-C stretching occurs, implying the formation of an Si-C structure in carbon matrix. In addition, the peak associated with
Si-O stretching vibration noticeably both broadens and increases in intensity. These changes in absorbance peaks agree well with the XRD results in Fig. 2b , and thus further confirm that the phase separation process of amorphous SiOC glass starts at temperatures of > 1000 °C-1200 °C. As the pyrolysis temperature increases to 1300 C, the peak corresponding to Si-C stretching vibration clearly increases in intensity, whereas the intensity of Si-O stretching vibration peak decreases significantly. reaction during pyrolysis at 1400-1500 C.
TG-MS analysis of gaseous products released during pyrolysis
A system coupling TG with MS was used in this study to further investigate the volatile species generated during pyrolysis of the silicon-containing pitch-derived carbon materials. In the TG-MS system, the volatile species are identified by their molecular masses corresponding to mass number (m/z) signal. The intensity of the m/z signal in this technique is related to the amount of the volatile species. Fig. 7 presents the sample weight loss and the intensity of m/z signals detected in the MS versus pyrolysis temperature. The silicon-containing pitch-derived carbon material shows a weight loss of about 4 wt% during pyrolysis from room temperature to 1200 C, as can be seen from the TGA curve in Fig. 7 . The major gaseous products evolved are identified as H 2 O, CO, CH 4 and SiO. Water vapor is the dominant volatile and is released at a broad range of temperatures from room temperature to 1200 C. This is believed to arise from volatilization of physically adsorbed water at low temperatures and the precursor deoxygenation reaction during pyrolysis at high temperatures. CO is the next most abundant product and its evolution below 1000 C is likely to be caused by the deoxygenation reaction of the pitch-derived carbon matrix during pyrolysis.
When pyrolysis temperature is above 1000 C, the rate of CO generation increases noticeably. Unlike CO, the evolution of CH 4 is related to the dehydrogenation reaction during pyrolysis and its generation rate is relatively constant over the wide temperature range from room temperature to 1200 C. The emission of SiO starts at about 1000 °C and the generation rates of SiO and CO increase drastically when pyrolysis temperature increases to about 1100 °C, which could be mainly attributed to onset of the phase separation process of the amorphous SiOC glass. In addition, traces of H 2 gas are also detected in the evolved mixture. The generation of H 2 gas is probably related with the reaction between water vapor and solid carbon.
Growth mechanism of the SiC nanowires
The above characterization indicates that the pyrolysis temperature has significant influence on the formation and growth of -SiC nanowires. In most cases, the growth of SiC nanowires can be explained by the widely accepted vapor-liquid-solid (VLS) mechanism [26] or vapor-solid (VS) mechanism [27] , which are dependent on the environmental conditions during growth. Generally, the growth of nanowires with the assistance of a metal catalyst follows the VLS mechanism. In this case, the typical structure involves a metallic droplet sitting on the tip of each nanowire. However, in the present work, no droplets are found on the tips of the nanowire. This indicates that the growth of the as-prepared SiC nanowires does not follow the VLS mechanism. Instead, the VS mechanism may dominate during the growth of the SiC nanowires. In order to better understand the growth mechanism of the SiC nanowires synthesized in this work, the major steps proposed for the formation of SiC nanowires are schematically illustrated in Fig. 8 . In essence, the formation of nanowires can be divided into two stages: nucleation and growth. The SiC nanocrystals derived from the phase separation process of amorphous SiOC glass and/or carbo-thermal reduction of SiO 2 during the pyrolysis of the silicon-containing pitch-derived carbon matrix are believed to act as the nuclei in this mechanism. Another prerequisite for the formation of the SiC nanowires is an adequate supply of active substance in the growth stage. In this work, gaseous SiO, CO and CH 4 act as the active substance. SiO gas supplies Si source for the growth of SiC nanowires, and most of them are released via phase separation and/or carbo-thermal reduction during pyrolysis. Besides, according to the report from X. Li et al [28] , a small amount of CH 4 and H 2 generated during pyrolysis can also react with SiO 2 to form SiO via the following reactions (6) and (7), respectively. The active substance CO and CH 4 provide C source for the growth of SiC nanowires, which can react with SiO to produce SiC by the following reactions (8) and (9), respectively.
SiO (g) + 3CO (g) SiC (s) + 2CO 2 (g) (8)
The resulting H 2 O (reaction (7)) and CO 2 (reaction (8)) immediately react with the surrounding free carbon to form CO according to the following reactions (10) and (11), respectively. The free carbon also reacts with the resulting H 2 (reactions (6) and (9)) to form CH 4 via the following reaction (12) . These reactions provide sustainable C source for the growth of SiC nanowires.
As shown in Fig. 8a , the pyrolysis of the silicon-containing pitch-derived carbon matrix was carried out in a closed graphite crucible. When the pyrolysis temperature reaches about 1100 °C, phase separation of the amorphous SiOC glass is initiated and this results in the formation of a small quantity of SiC nanocrystals.
Meanwhile, gaseous SiO, CO, H 2 O, CH 4 and H 2 are generated, as illustrated in Fig.   8b . At this point, theoretically, the two prerequisites for the formation of nanowires have been fulfilled. However, in practice there is as yet no nanowire formation on the surface of pitch-derived carbon matrix. This is probably related to insufficient concentration of gaseous SiO, CO and CH 4 . As the pyrolysis temperature increases to 1200 °C, the concentrations of gaseous SiO, CO and CH 4 (8) and (9) . Both promote SiC crystal growth in several directions and the formation of SiC agglomerates. In addition, the pitch-derived carbon matrix plays an important role in reactions (2), (3), (10), (11) and (12), which facilitate the nucleation and growth of SiC nanowires. This explains clearly why only black SiC foam ceramic was obtained when no coal tar pitch was employed.
Conclusions
A simple and convenient method was developed for the synthesis of SiC nanowires on a large scale based on precursor pyrolysis, where PCS and TSCTP were used as raw materials. The main conclusions are summarized as follows:
( 
